A sphere is assumed to move with a constant velocity, V, through a dilute, electrically neutral, ionized gas that, in its unperturbed state, is assumed to have a uniform number distribution of electrons, n. The sphere disturbs the distribution of electrons to a non-uniform one, N, with an excess ahead of the sphere and a deficiency this distribution since it forces the electron motion to be governed by the positive ions whose velocities and mass are similar to that of the neutral particles. This will be discussed in the second part of the paper where expressions for the distribution are found. In the third part numerical results for a specific sphere velocity and altitude are presented. behind it. The simplest estimate of the effect of this non-~ifo~, but eve~here dilute 2. 'l%E SCA TERING IIWEGRAL distribution on the radar return is obtained by The radiation field of each electron yields a summing the scattering by the individual back-scattered power per unit solid angle per electrons accelerated by the incident field. electron for unit incident power density given by
Electrons only are considered since their return ff, = [e2/(4ne,mc2)]2. is far greater than that of the much heavier positive ions or the Rayleigh scattering from
Here e is the charge on the electron, m its mass, non-ionized particles. The incident field on each E* the permittivity of free space, c the velocity electron is assumed to be a plane wave; this of light and m.k.s. units are to be used. The implies that secondary scattering is ignored. incident power is given by PC[fhrfi where P The approach is thus directly analogous to that is the total power emitted from the radar used to determine the radar return from underantenna, G the antenna gain and r the distance dense meteor trails.") from antenna to electron. The effective collecting
There are three parts to the paper. 
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We now assume the radar is well out of the ionized region of interest so that r is always large. Then the net power received from this region is where dv is a volume element. For simplicity a beam width wide enough to be essentially constant over the disturbance is assumed and the slowly varying factor r-' repIaced by the range R,, to the sphere and removed from under the integral sign. Finally, N is referred to the constant n by writing N = (N -n) + n. The integral of n exp (2ikr) vanishes except for contributions at the "edges" of the region of integration. Of course the distribution n extends beyond the beam-width of the radar and thus we know these "edges" are not physically significant. They may be neglected with the result that the desired quantity, the net power received due to the disturbance of the density distribution is given by
The integration is to be extended over the region of interest. In general this will include the entire region over which N---n differs appreciably from zero. However, one might also be interested in considering separately the efI%cts of the region ahead of the sphere and the region behind it. If these were to act as independent scatterers the average returned power (averaged over all relative phases) would be the sum of two expressions S,, and SD, corresponding to S, with the integration in SD, over the region ahead of the sphere and the region in SD, over the region behind the sphere.
To put the integral in S in a form suitable for computation it is convenient to refer to Fig. 1 . The density N must be symmetric about z so that it is convenient to use cylindrical coordinates p, $, z in the integration. Furthermore, one can simplify the integral by using in the expression for r(p) (rp) = ro-_p; r2 = r;+j?2-22r*p the fact that 1) $ 1, so that roeR,SR -22cosO----cos20+...
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We shall be interested in 60"<0<120" and hence will neglect the last term as well as those of higher order in z/R,. Then s =
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The term fp2/r, is neglected in the phase since it will appr~iably affect the phase only if 0 = 90" and then only where p exceeds N 0.11/%+ For such large p's the amplitude N-n is negligible, This is not quite true for corresponding values of z. In this consideration we have assumed k c -20 m -I. Note that in this integral sin 0(z)==& sin O/r,(z).
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The steady-state problem of a point charge moving through a fully ionized medium of sufficiently low density has been treated by Kraus and Watson.@) Their work was extended to the case where a constant magnetic field is present by Greifinger. (3) A good deal of insight into the physical meaning of the above theories which started from the linearized LandauVaslov equation was provided by the report of Pappcrt. f4) In this report Pappert deduced the results of Kraus and Watson from the random phase approximation of Bohm and Pine@ and also demonstrated the equivalence of these methods to the linearization of the equations of motion and contin~ty for the ions and electrons under the assumption that an isothermal state exists.
The problem of an object of hnite size has been approached by using the expression obtained in 1950 by Wang Chang? She obtained the zeroth order velocity distribution function for a sphere of radius R at rest in a neutral gas with a streaming velocity V under the assumption that the sphere was su~cien~y small and the gas sufficiently dilute that the collisions between the main stream particles and those reflected from the sphere could be neglected. The distribution function so determined satisfies :
(a) The collision-free Boltzmann transport equation in the absence of external forces; (b) A boundary condition on the surface of the sphere that implies that the sphere neither absorbs nor emits gas particles by itself so that all particles that hit the sphere are re-emitted; (c) The property that it reduces to the Maxwell-Boltzmann distribution around the steaming velocity at infinity inde~ndent of angle.
In addition, this distribution allows for arbitrary amounts of diffuse or specular reflection at the spherical surface. Since the region of interest here involves velocities of the sphere much greater than that of the ions and at the same time much smaller than that of the electrons and altitudes where the mean free paths are large compared to the expected dimensions of the disturbed area, Chang's distribution may be used to provide an order of magnitude estimate of the electron distribution around the sphere when it is assumed that the charge on the sphere is so small that it can be ignored so that the ions will (to all intents and purposes) behave as neutral particles as far as their interaction with the sphere is concerned. The strong Coulomb forces should provide electrical neutrality which will then force the electrons to assume a distribution identical in form to Chang's in which only the mass and velocity parameters can be different.
This use of electrical neutrality, while appropriate in ionospheric physics, is less exact than the assumptions usually used in physics of confined plasmas where(') it is more customary to assume electrical neutrality except for consideration of Poisson's equation while here we ignore any deviations from neutrality in this equation as well. While it would be more exact to assume the Chang distribution as the iirst term in a perturbation procedure for the LandauVlasov equations, it is unlikely that such a refined analysis would affect the radar crosssection results.* Other approaches such as that used by Bernstein and Rabinowitztg) in their discussion of spherical probes would seem to encounter even more intractable analytical difficulties were the Chang distribution to be used in place of the mono-energetic one used by them.
The zeroth order velocity distribution obtained by Chang is expressed in terms of the following variables. The distribution can be written as
The function S which is described above can be represented analytically as
II and it has the properties that for r approaching inGnity, S approaches 1, while for r approaching the sphere R, S = )(l-sign A-C).
Furthermore, if 0 is the angle between r and C then, as can be seen from 
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This checks the direct integration of II for r set equal to R in advance, since in this case S = 1 only if C&O.
When r+ce, For r=R both of these reduce to our previously erf(pJ$-K)+erf(m)= I obtained approximation since the additional term is zero there. Likewise in the limit as r-+m we obtain the free stream density as we should. is a very slowly varying function which has extremes at t7= 0 and 8=8,, with values (1 -R/r) and 2/(1 -R8/ra), respectively. We will therefore replace the complicated expression for (V.3) in exp -(V.R') and erfc (V.2) by its first term More detailed data for N on the sphere and along the positive z axis (behind the sphere) is given in Table 1 .
Radar cross-sections (4~ times differential cross-sections) were computed from the formula Q = 47rcF,nz /j$-l)ezi'rduj according to the development in Part 1, For electrons 4x0, N 10m2" m2. A value of n = 10" electronslms is used for the electron density at Table 2 for various regions I'. It was assumed that k = (2744 = 1 m-', that the sphere radius is 1 m, and that the sphere was viewed broadside, i.e. 43 = 90". The fust two ff values above are of interest if the radar beam is respectivkly lagging or leading the satellite while the 1.7 cm% result would be most appropriate, for example, if many radar pulses are being received and added with a radar which is tracking ina~u~tely, "hunting" around the target.
It is of interest to compare these results with a comparable cross-section estimate obtained by Davis(13' in a much cruder but far simpler fashion. Davis negIected the density build-up ahead of the sphere and assumed the electrons were completely swept out of a cylindrical column one sphere diameter wide. On this ~s~ption his computations led to a length estimate of 10 sphere diameters behind the sphere. The radar return from such a cavity is that of a column of electrons embedded in a vacuum and of electron number density given by the unperturbed number density. This number of electrons per unit voIume was then referred to an equivalent line density and the problem replaced by that of coherent scattering by a line source for which the cross-section is pro~~ional to line density times X4. To scale Davis's numerical result of CT = 0.1 cmz for a 0.25 m radius sphere in a medium of n=1012/m* to the present 1 m radius sphere problem his equivalent line density (2 x fog/cm) is scaled by (IOO/25)a = 16 and the fact that a is proportional to line density squared leads to a scale factor of 256. On the other hand the present computations were made for h = 2~ m while Davis apparently used 15 m. Hence an additional wavelength scaling factor of (2+5}4 is needed or a net scale factor of N 8. The crosssection value to compare with ours is thus bD N @8 cm2.
An instructive insight into the behaviour ofthe perturbation at various distances ahead or behind the sphere is furnished by a plot of the contribution to the volume integral of the various axial stations; i.e. a plot of vs. z. This is furnished in Fig. 6 . The somewhat odd transition in s(z) as z crosses the origin reflects the fact that N within the sphere is zero. To complete the volume integration this function is to be multiplied by exp [ ( .z2 2ik --z cos 6' 2R I and integrated. It is clear that as 0 and hence 0 deviate from 90" or as k increases the rate of oscillation of the exponential will increase and the net contributions from both regions z > 0 and z < 0, will rapidly decrease
